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(Received November 22nd, 1926.) THE present paper' is an account of an attempt to determine directly by titration, whether any change in the total number of free basic and acidic groups takes place in the protein molecule on denaturation.
The various views of the chemical process underlying heat-denaturation may be said to lie between two extremes which are absolutely opposed. Robertson [1918] is of the opinion that this fundamental chemical reaction is one of condensation of carboxyl and amino-groups of contiguous molecules, while a further group of workers, notably Lepeschkin [1922] and Wu and Wu [1925] prefer to regard it as a mild hydrolysis.
Consequently titration, if it can be rendered sufficiently accurate, should afford a crucial test of these theories. On the view of Robertson the total number of basic and acidic groups should be diminished by denaturation; while on the opposed view this number should either increase or remain constant according to whether the linkages hydrolysed give rise to such groups, or whether, as Lepeschkin thinks, the change is more comparable with the hydrolysis of sugars.
Harris [1923, 1] in the course of an investigation on a hitherto undiscovered sulphur linking in proteins, carried out formaldehyde titrations on fresh and denatured egg-albumin and came to the conclusion that no detectable change occurred on denaturation.
It may be noted in this connection that S0rensen and Jurgensen [1910] showed that on continued heating of egg-albumin (up to 24 hours in a boiling water-bath) the formaldehyde titre of the solution, which falls at first owing to the removal of protein, increases towards the end of the reaction owing, they conclude, to hydrolysis followed by re-solution of the fragments resulting from the cleavage. This reaction is of course subsequent to denaturation. In the course of the same paper they say that they do not consider that any I For the earlier papers of this series of. Lewis [1926] . disintegration of the protein takes place on simple denaturation. The workers mentioned above as being of the opinion that heat-denaturation is a hydrolysis do not appear to have in mind such a violent reaction as that with which S0rensen and Jurgensen dealt.
In the present work the titratable amino-groups of the haemoglobin molecule have been determined before and after heat-denaturation. No change is indicated.
Investigation of the acidic groups of the molecule before and after denaturation by heat indicates that the reaction causes no detectable change in the number of acidic groups. The method employed here was that used by Harris [1923, 2; 1924, 1, 2] for the titration of various amino-acids and complex ampholytes.
The method is to determine the pH reached by the ampholyte solution on the addition of various amounts of standard acid. The same treatment is accorded to an equal bulk of the solvent used. The curve obtained in this latter case affords a blank correction curve from which it is possible to determine the amountpof acid necessary to bring the solvent to any particular PH. This is then subtracted from the amount of acid necessary to bring the ampholyte solution to the same pH. The resulting figure is the amount of acid taken up by the ampholyte itself in moving to this PH and is termed the "corrected titre" of the ampholyte. When these corrected titres are plotted against PH they yield an S curve showing two regions in which it is asymptotic to the PH axis. The first is in the initial stages of the titration and the second at the end of the titration where the curve becomes asymptotic to some particular titre. This latter varue is the actual titre of the ampholyte, and is the amount of acid necessary to neutralise its basic groups.
Both with the solution and the solvent the titration is commenced from neutrality. The curve of corrected titres against pH is termed the "titration curve" of the ampholyte.
Experimental. In the following work each point was determined separately. That is to say that the whole titration was not carried through with one solution but a separate solution was made up for each amount of acid added. This was deemed preferable as in this manner the haemoglobin was only under the influence of the acid for 5 to 10 minutes during each determination. This tended to eliminate error due to possible denaturation by the acid.
The solutions were made up by taking 20 cc. of 1 % fresh haemoglobin each time. This was either denatured or retained as such. The denaturing was carried out by immersing a corked flask, containing the haemoglobin, in the steam from a briskly boiling water-bath for 10 minutes. The flask and contents were subsequently cooled and every drop of condensed moisture in the flask collected back into the original liquid. A little loss of water would be bound to ensue but it would be relatively negligible. To the solutions so obtained the desired amount of acid was then added. The solution contained 1 g. of haemoglobin and 0 054 g. of ammonium sulphate per 100 cc. The titration was performed with 0-096 N H2SO4. The titrations are accurate to + 0 01 cc.
The following results were obtained. For the sake of brevity only mean PH values are given. Each value is the mean of six independent readings, the accuracy being ± 0 003PHE The titration curves derived from these tables are shown in Fig. 1 . These curves show the variation of corrected titre with PH.
It will be seen that the titration curves of fresh and denatured haemoglobin are sensibly identical. Either corresponds to a titration of 3 05 cc. of 0-096 N H2SO4 for 20 cc. of 1 % haemoglobin. From this it follows that 100 g. of haemoglobin contain 2-05 g. of titratable nitrogen.
It is generally assumed that the a-amino-groups of amino-acids are entirely utilised in linkages in the protein molecule. Consequently the titratable basic groups will be the second basic groups of the dibasic acids in the molecule. According to Van Slyke and Birchard [1913] the diamino-acids present in haemoglobin are lysine, histidine and arginine which account for 11 90, 12-69 and 7-72 % respectively of the total nitrogen of the molecule. Under the present circumstances one half.of the total lysine nitrogen, one-third of the histidine nitrogen and one-quarter of the arginine nitrogen' will be titratable;
i.e. (5.45 + 4*23 + 1.93) = 11-61 % of the total nitrogen of the molecule.
The total nitrogen of the haemoglobin molecule of the ox being given by Mathews [1924] as 17-70 % of the molecule, it would be expected on this basis that there would be 2-055 g. of titratable nitrogen per 100 g. of haemoglobin. This is in very good agreement with the value obtained above. It is stated with some degree of certainty that the present results point to the absence of change in the number of titratable basic groups of the haemoglobin molecule on denaturation. Assuming the value of 16,660 as the equivalent weight of haemoglobin [Mathews, 1924] it is found that these figures correspond to 24-4 titratable nitrogen atoms per equivalent.
SECTION 2. THE FREE CARBOXYL AND OTHER ACIDIC GROUPS OF FRESH AND DENATURED HAEMOGLOBIN.
In order to investigate this problem, use was made of a modification of the formaldehyde titration of S0rensen. Normally a titration of carboxyl groups has to be carried to a very alkaline end-point to obtain complete titration. In this case the correction for the dilution of the system of titrant becomes undesirably large. If, however, formaldehyde be added to the protein before titration the acidic nature of the protein is much enhanced and the titration is complete at about PH 9. This is explained [see Harris, 1924, 2] as being due to the formation of methylene-imino-derivatives of the aminoacids present (HOOC.R.NH2 + HCHO -* HOOC.R.N = CH2 + H.OH), which have an acidic dissociation constant approximately one thousand times that of the original protein. The addition of formaldehyde therefore forms a means of enhancing the accuracy of the titration.
Harris [1924, 2] also advocates the use of alcohol to enhance the accuracy of the titration, but this is not permissible in the present instance owing to the action of alcohol on the protein itself, which reaction is identified with heat-denaturation by Robertson.
If it is desired to perform a titration of the protein and to form an accurate estimate of the total number of acidic groups of the molecule, it is necessary to determine the PH of successive solutions containing protein, formaldehyde, and different known amounts of alkali. Three methods of making these determinations suggest themselves, namely, the hydrogen gas electrode, the Donnan-Allmand electrode and the glass electrode. In this case the quinhydrone electrode may not be used on account of the alkalinity of the solutions near the end-point.
Of these electrodes the Donnan-Allmand electrode was first utilised. It was not desirable that the oxyhaemoglobin should be exposed to the reducing action of the hydrogen.
The results obtained using the Donnan-Allmand electrode indicated that denatured protein binds more alkali than does fresh. In other words, that by the process of heat denaturation fresh acidic groups were uncovered. The difference, however, was but slight and the results appeared unsatisfactory. The reproducibility was poor. Furthermore the electrodes required periods up to 48 hours to come to equilibrium. In work of the present nature it is most undesirable that the protein should be exposed to the alkali for this length of time. It is almost inevitable that some hydrolytic decomposition, subsequent to denaturation proper, should have taken place during this period.
Consequently a similar series of determinations was made with the glass electrode. The method of PH measurement adopted was that described by Mrs Kerridge [1925] . As in dealing with the glass electrode it is required to measure the E.M.F. of a cell of very high resistance, the ordinary galvanometric method is not feasible. Instead a system is substituted in which the detector is a quadrant electrometer. The electrometer used was a Lindemann electrometer as described by Lindemann and Keeley [1924] . The greatest accuracy obtained is 0 4 to 0 5 millivolt. While this may be capable of improvement the objection still remains that any electrostatic method is extraordinarily sensitive to stray fields of force and to possible leakages of charge. It was found necessary to work within a hollow earthed conductor, and to take the P.-S. LEWIS greatest care that all apparatus was well insulated. As insulating medium amberite was utilised as suggested by Mrs Kerridge. Even so leakage of charge was apt to become a troublesome factor in wet weather. On the whole, however, this seems to be the most satisfactory method of measuring the PH of alkaline solutions. Its two great advantages are rapidity and a sensible absence of diffusion.
The solutions were made up by taking 20 cc. of 2 % fresh haemoglobin each time. This was either denatured or retained as such. To this solution 8 cc. of 10 % formaldehyde, previously adjusted to PH 7 0, were added.
Following this, the known amount of NaOH was added and the PH determined. The results are given below. The "blank" determinations are not recorded as they have no bearing on the point at issue.
Here again, for the sake of brevity, detailed readings are omitted. The readings in Table IV are the mean of five readings in each case with independent solutions. The titres are accurate to 0-01 cc. The PH measurements are accurate to ± 0-006PH- Table IV From the above figures it will be seen that there is no discernible difference between the fresh and denatured material.
These results are not so accurate as those of Section 1. On the present results the writer is only prepared to state that if there is a change in the number of free acidic groups in the molecule it is too small to be detected, at least by the present means. Taken in conjunction with the results of Section 1 it becomes quite probable that actually there is no change on denaturation.
The present results are definitely opposed to the view adopted by Robertson [1918] , namely that denaturation entails the chemical condensation of free amino-groups in adjacent molecules. Lepeschkin [1922] has suggested that the reaction involved is a hydrolysis of the same nature as that by which a polysaccharide is broken up into its constituent units. The results embodied in the present paper point to a grouping of some such character being involved. Certainly the linkage involved cannot be the peptide link (-CONH-) which, on a priori grounds might have been thought important for such a reaction.
It is of interest here to record a titration in full and thus to determine the number of free acidic groups in one equivalent weight of haemoglobin. The necessary blank measurements have been made and the corrected titration curve drawn as shown in Fig. 2. 4-2
5I
The measurements are recorded below. From the corrected titration curve (Fig. 2) it will be seen that the 0 4 g.
of haemoglobin present in 20 cc. of 2 % solution is neutralised by 1-06 cc.
of 0-360 N NaOH. From this it is calculated that in the equivalent of haemoglobin (mass 16,660) there are 16 free acidic groups. (1) It is found that in the equivalent of haemoglobin (taken to have mass 16,660) there are 24 or 25 free basic groups and 16 free acidic groups.
(2) Furthermore it is found that heat-denaturation is without effect on the number of free basic groups and without detectable effect on the number of free acidic groups of the haemoglobin molecule.
(3) From these results the conclusion is drawn that denaturation involves the hydrolysis of linkages of a character analogous to those involved in the hydrolysis of polysaccharides, as distinct from rupture of the polypeptide link (-CONH-). This conclusion is in agreement with earlier papers by the writer.
In conclusion, the writer desires to express his indebtedness to the Department of Scientific and Industrial Research for a grant which enabled the present research to be carried out. Further, the writer would like to acknowledge the benefit of communications with Dr L. J. Harris, and of the helpful advice of Prof. W. C. M. Lewis, under whom these investigations have been made.
